Abstract: This paper discusses the issue of measuring velocity uctuations of turbulent boundary layer using hotwire probes. The study highlights the problem of spatial resolution, which is essential when measuring smallscales in wall-bounded ows. Additionally, attention was paid to the inconsistency in streamwise uctuation measurements using single-and X-wire probes. To clarify this problem, the energy spectra using wavelet transformation were calculated. The analysis was performed for turbulent boundary layer ow, which was characterized by Reynolds number based on the friction velocity equal Reτ ≈ .
Introduction
Hot-wire anemometry (HWA) is still one of the most common techniques used for turbulent boundary layer investigation. Insu cient spatial resolution of hot-wire probes causes problems in the measurement of small-scale turbulence, especially in high Reynolds number ows. The most well-known study discussing this problem is that by Ligrani and Bradshaw [1] , which describes an extensive study of the e ects of wire length on the data obtained from single hot-wire experiments. According to common opinion, a hot-wire anemometry using a single-wire probe is su cient to resolve the streamwise velocity component ux [2] , however an in uence of the wall-normal uy component on a single-wire probe readings has not been thoroughly discussed. One should be aware that a single-wire probe measures not the ux component, but also the resultant velocity, composed of both ux and uy . The subArtur Dróżdż: Czestochowa Univ. of Tech., Armii Krajowej 21, 42-201, Czestochowa, Poland *Corresponding Author: Witold Elsner: Czestochowa Univ. of Tech., Armii Krajowej 21, 42-201, Czestochowa, Poland, E-mail: welsner@imc.pcz.czest.pl scripts x, y and z correspods relatively to: streamwise, wall-normal and spanwise ow directions.
Most researchers who perform measurements in turbulent boundary layer believe that the in uence of the uy component is insigni cant and can be ignored. The comparison of ux uctuation distributions obtained with DNS (Direct Numerical Simulation) and from a singlewire probe have revealed self-similarity in shape [3, 4] . Some di erences observed in levels of uctuations were attributed mainly to the uncertainty error, not to the uy component. It seems, however, that that such a belief of a negligible small in uence of uy on a single-wire readings is not justi ed. Despite the predominant motion of the streamwise direction, the vortical structure that is present in a turbulent boundary layer has to act on the probe wire, inducing an uy velocity component. This was con rmed by the DNS study of Lenaers et al. [5] who observed the high value of wall-normal velocity uctuations, which occasionally occur in the near-wall region and have larger magnitude than their local standard deviation.
Investigations performed by Dróżdż and Elsner [6] , based on the measurements of zero pressure gradient (ZPG) turbulent boundary layer with single and X-wire probes, aimed to clarify the e ect of the wall-normal component on the readings of single-wire probe in the vicinity to the inner peak of velocity uctuations. They showed that the di erence between streamwise uctuating component measured with single and X-wire probes results not only from spatial resolution, but also from in uence of wall normal uctuating component, which is usually not considered. Such an e ect results from the near-wall vortical structures inducing strong uy component in the case where the mean velocity U has the lowest value [6] . In the present paper we present an extension of those studies, considering additional measurements from turbulent boundary layer subjected to an adverse pressure gradient (APG) that induces a second peak of velocity uctuations in the outer region. It is believed that the second peak is a result of large-scale motions and it can con rm the more pronounced contribution of outer region to the downstream development of turbulent boundary layer [7] .
Methodology and instrumentation
The experiment was performed in an open-circuit wind tunnel, where the turbulent boundary layer was developed along a at plate, which was 2807 mm long by 250 mm wide. The upper wall of the rear part of the test section, presented in Figure 1 , was shaped according to the assumed distribution of pressure gradient corresponding to the conditions encountered in the axial compressor blading. The intake channel height was 155 mm, while the boundary layer thickness δ was up to 25 mm. The facility had two pairs of suction gaps, located in the channel upstream of the test section, aimed at controlling the twodimensionality of the ow. To avoid separation, the leading edge of the at plate had an elliptical shape. The tripping of the boundary layer, after the leading edge of the plate, was used to obtain fully developed turbulence, and it allowed to obtain value of Reynolds number, equal to
, where υ is kinematic viscosity, based on the frictional velocity uτ = µ dU dy . The frictional velocity was obtained based on the Fringe Skin Friction (FSF) method [8] and was veri ed with a Clauser plot.
The facility was equipped with the computercontrolled 2D traversing system (in streamwise and wallnormal directions). The traverse carriage was driven over a maximum displacement of 180 mm by a servo-motor. Uncertainty of the drive step was 0.001 mm, with the smallest step equal to 0.01 mm. The wall closest position of the hot-wire probe was determined using the mirrored image. Further details of the test section is given in Dróżdż et al. (2015) [9] .
The mean velocity in core ow was U∞ ≈ m/s and turbulence intensity was Tu = . %. The ambient conditions were carefully controlled during the measurements. The variation of ambient temperature at the end of the test section did not exceed 0.2°. When the measured temperature was di erent from temperature during calibration, the temperature correction of CTA voltage was used [10] . At the same time the free-stream velocity was monitored by the means of a Prandtl tube. The variability of free-stream velocity was found to be around 0.2% of the mean value. The convergence of the ow statistics up to 4th order was checked during preliminary tests. The convergence was achieved after approximately 3.5 s while the acquisition time was equal to 10 s.
For the purpose of the work in this paper, data from two traverses taken at zero (Sg= 0.185, blue thick line) and at the adverse pressure gradient region (Sg=0.738, red thick line) were considered. Sg corresponds to dimensionless distance from inlet plane (Sg=0) of the measuring section, which is located 1740 mm downstream from the leading edge. Velocity pro les were measured with single hotwire anemometry probes of diameter d = µm and length l = . mm (Dantec Dynamics 55P31) and d = µm and length l = . mm (Dantec Dynamics 55P01). Those measurements were supplemented with X-wire probe of wire diameter d = µm and length l = . mm (Dantec Dynamics 55P61). The probes were combined with the DISA 55M hot-wire bridge connected to a 14 bit PC card. The acquisition was maintained at frequency f = kHz with 10 seconds sampling records. For the assumed sampling frequency, the non-dimensional inner scale representation was f + = fν/u τ ≈ . It was consistent with the assumption of Hutchins et al. (2009) [2] , noting that for the proper anemometer/probe response, cuto must be in the range of f + > / (t + < ), where t + = /f + is the nondimensional sampling period.
Discussion of the results
Spatial averaging due to the large length of the single-wire is known to reduce the near-wall peak of turbulence intensity [1] , but also it could falsify higher order moments, like the skewness and atness factors [11] . It could also reduce the frequency of detected burst events as documented by Johansson and Alfredsson [12] . Ligrani and Bradshaw [1] found two key recommendations for accurate measurements, and both have become standards for hot-wire design: i.e. l + ≤ and l/d > , where l is length of a wire (in the viscous units l + = luτ/ν, while d is wire diameter. To satisfy these conditions in our research, the miniature probe, with length of the wire l = . mm and diameter of d = µm, also characterized by l/d = , was used. The l/d value did not ful ll the recommendation of Ligrani and Bradshaw [1] , however Dróżdż and Elsner [6] demonstrated, by comparing the uctuation distributions measured by miniature wire probe (l = . mm) with the standard wire probe of l = . mm, that the use of the rst probe allows for increasing of the frequency of detected burst events. As a result, the magnitude of the nearwall peak increased by 10% and reached a value of uu + = uu/u τ ≈ , which is typical for the analyzed Reynolds number. Another inconsistency in streamwise uctuation distributions, discussed in the paper, results from using di erent types of probe. To analyze the problem, the velocity uctuations from single and Xwire probes were measured in two di erent traverses of the test section. For the rst one taken at zero pressure gradient (Sg = 0.185) friction velocity was equal to about uτ ≈ . , which allowed to obtain l + ≈ for the single-wire probe and l + ≈ for the X-wire probe. For the second one taken at the adverse pressure gradient (Sg = 0.738) friction velocity was equal to about uτ ≈ . , which allowed to obtain l + ≈ for the single-wire probe and l + ≈ for X-wire probe. It may be noticed from Figure 2a that for Sg = 0.185 the distribution of uu + obtained by means of single-wire probe reveals a single peak located at y + = yuτ/ν ≈ , which is typical for turbulent boundary layers at zero pressure gradient. This peak location is not, however, reached for X-wire probe due to a large probe size, which is not able to penetrate the boundary layer as close as the single-wire probe. It should also be noticed that the streamwise uu + and uu what increases the readings of X-wire probe, but does not do so in case of a single-wire, where the spanwise in uence is minor due to the same direction as the direction of a wire axis. It should be kept in mind that this in uence could also be partly attenuated by the larger measuring volume of X-wire probe.
For Sg = 0.783, due to the much thicker boundary layer, X-wire measurements reach single-wire values at y + ≈ .
In this case (Figure 2b ), at y + ≈ both measurements exhibit the so called outer peak, which has been observed by many authors [13] [14] [15] for turbulent boundary layer subjected to adverse pressure gradient. The inner peak at this location is almost invisible. It can be noticed that the streamwise uu + and uu In order to con rm this in uence on scales from a wider range, the energy spectrum using wavelet transformation was calculated. The analysis was done for all measured points throughout the boundary layer thickness for both traverses. The wavelet transformation of each recorded signal was done using a Mexican Hat wavelet function. According to Gordeyev [16] , such wavelet function is the best choice to perform analysis of the single events present in the time signal. Iso-contours of the wavelet energy spectra E scaled by the square of friction velocity uτ as a function of y + and the time scale τ + = τu τ /ν is shown in Figure 3 . To remove the e ect of convection velocity, the time scale τ was used instead of length scale λ, which was proposed by Marusic et al. [17] . The black cross (+) corresponds to the scale and location of near-wall peak of velocity uctuations, while the upwardtriangle (see Figures 5 and 6 ) corresponds to the scale and location of the outer peak. Figure 3 shows the comparison of energy spectra for a single-wire probe with wire length l + ≈ and X-wire probe with wire length l + ≈ taken at Sg = 0.185. Figure 3a presents the comparison of streamwise components, while Figure 3b shows the comparison of streamwise for a singlewire probe and wall-normal for X-wire probe components. Dashed lines on both graphs refer to the component measured by a single-wire probe, which is treated as a reference case. The continuous iso-lines for ux and uy obtained from X-wire probe are superimposed for comparison. As the energy iso-lines are drawn to the same scales, the lower values of ux measured by X-wire probe are easily visible a) b) (see Figure 3a) . More interestingly, however, is the maximum shift of X-wire streamwise energy to the higher time scales. For better interpretation, the iso-contours near the maximum of E u τ have been drawn by thick lines. This phenomena is observed mainly for small scale ranges below τ + ≈ . Similar e ects for a single-wire probe with different lengths of the wire were also observed by Hutchins et al. [2] . On the other hand, (Figure 3b ) the location of the maximum of uy energy (solid thick line) is shifted towards smaller scales, the position of which can be estimated near τ + ≈ . Displacement of the uy maximum in relation to ux maximum is consistent with the study of Marusic et al. [17] and can be explained based on attached eddies hypothesis, according to which the wall-normal uctuations will lack a large-scale component at the wall due to the blocking e ect [18] . It is clear, therefore, that the energy maximum of uy is shifted towards the smaller scales in comparison to streamwise component, and consequently it must have an impact on readings of a single-wire probe. It is worth noting that the increased wall-normal component appears for the same time scale as the bursting process [19] and should result in overestimation of the near-wall peak captured by a single-wire probe. In order to demonstrate that the uy component in uences a single-wire probe reading, the resultant uctuation energy Eu xy = E ux + E uy was compared to singlewire probe uctuation energy, as shown in Figure 4 . It is seen now that Eu xy has the maximum (solid thick line) for the scale, which corresponds better to Eu xy iso-contours (dashed thick line) obtained for single-wire probe with respect to the results shown in Figure 3a . The scale energy redistribution con rms that the near-wall peak of uctuation comes from increase of the small-scale component of uy near the wall.
A similar analysis was conducted for adverse gradient region (Sg = 0.783) and the results are presented in Figure 5 . For this type of plot the rst peak (+), corresponding to the small-scale component, is clearly visible and its intensity is of similar amplitude indicating that small scales remain almost una ected by pressure gradient. But the most important di erence is the substantial rise of energy observed for a time scale τ + > . The outer peak can be noticed at location y + = and τ + = .
The di erence between iso-contours of the energy spectra is not so obvious as in the former case, however a slight shift of X-wire streamwise energy to the higher time scales is also noticed close to near-wall peak. The location of the maximum of uy energy (solid thick line) is shifted towards smaller scales in comparison to streamwise component (Figure 5b ), the position of which is near τ + ≈ and is the same as for zero pressure gradient ow. However, the maximum occurs for y + = . Hence, because of smaller scale of uy , it is obvious that it must cause a shift in location of energy maximum of single-wire probe. Figure 6 shows the resultant uctuation energy Eu xy = E ux + E uy compared to singlewire probe uctuation energy. The shift of maximum onto the smaller scale is not very clear, but it is due to the fact that streamwise uctuations dominate in the ow for this case. The strong shift is observed for τ + < and above the wall distance (y + = ) where the best correction was obtained. These results show that the single-wire measurements yield not ux uctuation, but rather the resultant of ux and uy velocity components. Furthermore, this indicates that the near-wall peak of uctuation obtained by single-wire probe could be overestimated due to the in uence of wallnormal component. The in uence of wall-normal component occurs not only in the near-wall peak for small-scale structures but also in the APG outer region, where largescale motion dominates. Another important conclusion of this study is that the criteria for wire length, i.e. l + < , canot be su cient to properly estimate the streamwise and wall normal uctuations.
Conclusions
This paper discusses the issue of measuring velocity uctuations of turbulent boundary layer using hot-wire probes. The results showed that the observed di erence between streamwise uctuating component measured with single-and X-wire probes results not only from spatial resolution, but also from in uence of wall-normal uctuating component, which is usually not considered. As a result, the distribution of uu + obtained by means of single-wire probe is slightly overestimated, especially in the wall vicinity. To prove this, the resultant velocity uctuations from two components obtained from X-wire probe were determined. It has been shown that the resultant velocity uctuations distribution has the shape of the distribution obtained from a single-wire probe. In order to con rm this in uence on scales from a wider range, the energy spectrum using wavelet transformation was calculated. It was shown that the nearwall peak of single-wire uctuations is the result of both streamwise and wall-normal small-scale components of velocity uctuations. It implicates that the underestimation of the near wall-peak of streamwise uctuating component in Xwire measurements results from the not considered small-scale wall-normal component, which is inherently included in the case of a single-wire probe. For APG case, in spite of lack of spatial averaging e ect, the in uence of uy component on single-wire measurements is still present. It was shown that the in uence of wallnormal component occurs not only in the near-wall peak for smallscale structures but also in the APG outer region, where large-scale motion dominates.
